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Edited by Robert BaroukiAbstract Paternally expressed 1 (Peg1)/mesoderm speciﬁc
transcript (Mest) is an imprinted gene, which is only transcribed
from the paternal (father’s) allele. In some human cancer tissues,
an alternatively spliced variant of PEG1/MEST mRNA using a
diﬀerent promoter of a distinct ﬁrst exon is expressed from both
paternal and maternal alleles. We previously reported that Peg1/
Mest expression was markedly up-regulated in obese adipose tis-
sue in mice. Moreover, transgenic overexpression of Peg1/Mest
in the adipose tissue resulted in the enlargement of adipocytes in
size. Given the potential pathophysiologic relevance in obesity,
we examined the nature of increased expression of Peg1/Mest
in obese adipose tissue. In obese adipose tissue, expression of
Peg1/Mest was increased, but not that of other imprinted genes
tested. The transcription rate of Peg1/Mest was increased in
obese adipose tissue. We found at least four isoforms of mouse
Peg1/Mest generated by use of the alternative ﬁrst exons. We
also demonstrated that the abundantly expressed Peg1/Mest in
obese adipose tissue retained monoallelic expression. This is
the ﬁrst report of monoallelic induction of Peg1/Mest in adult
tissues.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Genomic imprinting is an epigenetic mechanism that causes
functional diﬀerences between paternally and maternally
derived chromosomes and plays essential roles in mammalianAbbreviations: Mest, mesoderm speciﬁc transcript; Peg, paternally
expressed gene; Meg, maternally expressed gene; EST, expressed seq-
uence tag; MCP-1, monocyte chemoattractant protein-1; TNF, tumor
necrosis factor; RT-PCR, reverse transcription-polymerase chain rea-
ction; dpc, days post coitum
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doi:10.1016/j.febslet.2006.12.002development [1]. Paternally expressed 1 (Peg1)/mesoderm spe-
ciﬁc transcript (Mest) was isolated and named after its pre-
dominant mesoderm-speciﬁc embryonic expression pattern
[2]. Peg1 is an independently identiﬁed paternally expressed
gene (imprinted gene), which is only transcribed from the
paternal (father’s) allele [3]. Peg1/Mest expression has also
been studied in the adult tissues. Several reports showed that
in some adult human tumor tissues such as breast cancer [4]
and lung adenocarcinoma [5], there was increased PEG1/
MEST expression. The human PEG1/MEST uses two distinct
promoters, thereby producing two diﬀerent variants with dis-
tinct ﬁrst exons, and expressed in biallelic manner (or from
both paternal and maternal alleles) [6–8] (also see Fig. 2B).
In mice, a single isoform (exon 1) and promoter of Peg1/Mest
has been reported so far [9,10].
Obesity is a common and serious metabolic disorder in the
developed world, and is occasionally accompanied by type 2
diabetes, atherosclerosis, hypertension and hyperlipidemia
[11]. Among many imprinted genes, including Peg1/Mest,
some are likely involved in adipose function. For example,
Dlk1/Peg9/Pref1 inhibits adipocyte diﬀerentiation [12,13],
Grb10/Meg1 is a downstream molecule of insulin signaling
[14]. Targeted mutation of Peg3 caused increased body fat in
mice [15]. Igf2, Igf2r and Cdkn1c/p57Kip2 [16] may be involved
in the regulation of adipocyte growth. Indeed, deletion of an
imprinting control region of Igf2 led to the misregulation of
Igf2 and increased adiposity in mice [17]. However, gene
expression and regulation of imprinted genes in obese adipose
tissue has not been examined systematically.
We previously reported that Peg1/Mest expression is mark-
edly up-regulated in the adipose tissue from obese mice and
that its expression is correlated with the size of adipocytes
[18]. We also demonstrated that transgenic overexpression of
Peg1/Mest in the adipose tissue in mice resulted in the enlarge-
ment of adipocytes [18]. In addition, Peg1/Mest has been
recently suggested to be related to obesity. C57BL6, genetically
identical mice, showed a high phenotypic variation of obesity,
suggesting an epigenetic (non-genetic) regulation of obesity.
An expression of Peg1/Mest was found to be elevated in biop-
sied adipose tissue of mice highly susceptible to obesity, even
before the obvious increase in body weight [19]. Given itsblished by Elsevier B.V. All rights reserved.
92 Y. Kamei et al. / FEBS Letters 581 (2007) 91–96potential pathophysiological relevance in obesity, it is interest-
ing to know the regulatory mechanism for Peg1/Mest expres-
sion in obese adipose tissue.
Here we examined the expression of Peg1/Mest as well as
that of other imprinted genes in obese adipose tissue. We dem-
onstrated that among 12 imprinted genes tested, Peg1/Mest is
the only gene induced in obesity. We also found that at least 4
isoforms of Peg1/Mest generated by use of distinct exons via
alternative splicing mechanism in mice and that the imprinting
(paternal) status of Peg1/Mest expression in obese adipose tis-
sue remains stable. We found evidence that Peg1/Mest is
monoallelically expressed at a high level in the adult tissue.2. Methods
2.1. Cell culture
RAW264 macrophage cell line (RIKEN BioResource Center, Tsu-
kuba, Japan) and 3T3-L1 preadipocytes (American Type Culture Col-
lection, Manassas, VA, USA) were maintained in Dulbecco’s modiﬁed
Eagle’s medium (Nacalai Tesque, Tokyo, Japan) containing 10% fetal
bovine serum (BioWest, Miami, FL, USA). Diﬀerentiation of 3T3-L1
preadipocytes to lipid-laden mature adipocytes was induced as de-
scribed [19] and cells were cultured up to day 30 after the induction
of diﬀerentiation to obtain hypertrophied 3T3-L1 adipocytes with lar-
ger lipid droplets.
2.1.1. Co-culture of Adipocytes and macrophages. Adipocytes and
macrophages were co-cultured as described [20] with slight modiﬁca-
tion. In brief, we cultured serum-starved diﬀerentiated 3T3-L1 adipo-
cytes (21 days after the diﬀerentiation) in a 35-mm dish, onto which
macrophages (1.0 · 105 RAW264 macrophages) were plated. The cells
were cultured for 24 h and harvested. As a control, adipocytes and
macrophages, the numbers of which were equal to those in the co-cul-
ture, were cultured separately and mixed after harvest.3. Animals
The ob/ob mice were purchased from Charles River Japan
(Tokyo, Japan). The db/db mice were purchased from CLEA
Japan (Tokyo, Japan). JF-1 mice were obtained from National
Institute of Genetics (Mishima, Japan). Mice were fed ad libi-
tum either a high-carbohydrate, standard rodent chow CE2
(CLEA Japan) consisting of 25.6% (wt/wt) protein, 3.8% ﬁber,
6.9% ash, 50.5% carbohydrates, 4% fat, and 9.2% water or a
high-fat diet (HFD32, CLEA Japan) consisting of 25.5% pro-
tein, 2.9% ﬁber, 4.0% ash, 29.4% carbohydrates, 32% fat
(22.3% of total fat is from saturated fat), and 6.2% water.
All animal experiments were conducted in accordance with
the guidelines of Tokyo Medical and Dental University Com-
mittee on Animal Research (No. 0060028).
3.1. Quantitative real time-PCR
Total RNA was prepared using Sepazol (Nakalai Tesque).
cDNA was synthesized from 5 lg of total RNA using Super-
script II reverse transcriptase (Life Technologies, Tokyo,
Japan) with random primers. Gene expression levels were
measured with an ABI PRISM 7700 using SYBR Green
PCR Core Reagents (Applied Biosystems, Tokyo, Japan).
Twelve imprinted genes, six of which are Pegs and the rest of
which are Megs, were selected from eight diﬀerent chromo-
somal imprinted regions: Mest (sub-proximal 6), Igf2 (distal
7), Peg3 (proximal 7), Nnat (sub-distal 2), Dlk1 (distal 12),
Peg10 (proximal 6), Grb10 (proximal 11), H19 (distal 7),
Meg3 (distal 12), p57Kip2 (distal 7), Igf2r (proximal 17) andMash2 (distal 7). Primers used were as described [21]. The
primers used for MCP-1 and adiponectin were as described
[20]. Primers used for Peg1/Mest variants are as follows:
BY135127: forward, 5 0-CAACCCAGCCACAGGATGA-3 0,
reverse 5 0-CAAGGGCACAGCCAGGAG-3 0, CA561936: for-
ward, 5 0-TCAGAGGAGAACCCATCGACTT-3 0 reverse, 5 0-
CCACCACTCTCTCATCCTTTGAC-30 Isoform2 (AF422999):
forward, 5 0-CAGCTGGGAAGAGAAAGCCA-3 0, reverse,
5 0-TCCACAGGCCCTCTAAGGAAC-3 0 exon 1: forward,
5 0-TTGCGCAGGATGAGAGAGTG-3 0, reverse, 5 0-AGGG-
CACAGCCAGGAGC-3 0, exon 2: forward, 5 0-GTTTTTCA-
CCTACAAAGGCCTACG-3 0, and reverse, 5 0-CACACCG-
ACAGAATCTTGGTAGAA-3 0.
3.2. Nuclear run-on transcription assay
Nuclear run-on assay was performed as described [22], with
slight modiﬁcations. Brieﬂy, 100 lg of nuclear DNA was incu-
bated with 1.85 MBq of 32P UTP in a total volume of 100 ll
for 20 min at 30 C. After treatment with proteinase K and
DNase I, the RNA was phenol extracted and ethanol precipi-
tated. Labeled RNAs from lean or obese adipose tissue were
used as probes, and were hybridized with plasmids (Peg1/Mest
cDNA, aP2 cDNA and pGEM vector alone) immobilized on
nylon membranes (5 lg per slot).
3.3. Reverse transcription-PCR and direct sequencing
Total RNA of adipose tissue was prepared using Sepazol.
cDNA was synthesized from 5 lg of total RNA using Super-
script II reverse transcriptase with random primers. PCR prim-
ers used for ampliﬁcation of Peg1/Mest cDNA are: forward,
5 0-GATTCGCAACAATGACGGCA-3 0, and reverse, 5 0-AT-
CCAGAATCGACACTGTGG-3 0. The PCR products were
directly sequenced (Applied Biosystems).3.4. Database search
An expressed sequence tag (EST) homology search was
performed using the BLAST program [23] (http://www.ncbi.
nlm.nih.gov/blast/blast.cgi, http://www.blast.genome.ad.jp/SIT/
BLAST.html, and http://www.ddbj.nig.ac.jp/search/blast-e.html).3.5. Statistical analysis
Data were expressed as the means ± S.E. Statistical analysis
was performed using Student’s t-test. P < 0.05 was considered
to be statistically signiﬁcant.4. Results and discussion
4.1. Expression of imprinted genes in obese adipose tissue
We ﬁrst studied whether expression of imprinted genes is
changed during the course of obesity. Here we examined 12
imprinted genes (six Pegs and six Megs) from eight diﬀerent
chromosomal imprinted regions: Peg1/Mest (sub-proximal
6), Igf2 (distal 7), Peg3 (proximal 7), Nnat (sub-distal 2),
Dlk1 (distal 12), Peg10 (proximal 6), Grb10 (proximal 11),
H19 (distal 7),Meg3 (distal 12), p57Kip2 (distal 7), Igf2r (prox-
imal 17) and Mash2 (distal 7). As we reported previously [18],
Peg1/Mest expression was increased in the adipose tissue from
ob/ob mice (Fig. 1A). However, expression of other imprinted
genes was not increased. We obtained similar data using
the adipose tissue from db/db obese mice (Fig. 1B). We also
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Fig. 1. Expression of imprinted genes in obese adipose tissue. (A) Expression of several imprinted genes including six Pegs and six Megs in the
adipose tissue from ob/ob mice (ﬁlled bars, n = 4) and control lean mice (open bars, n = 5). Relative mRNA levels determined by quantitative real-
time PCR are shown. The value of Peg1/Mest in lean mice was set as 100. The average body weight of the ob/obmice was 48.6 ± 2.0 g and that of lean
mice, 26.2 ± 1.5 g. (B) Expression of the same genes sets in the adipose tissue from db/db obese mice (ﬁlled bars, n = 3) and control lean mice (open
bars, n = 3). The average body weight of the obese mice was 41.9 ± 1.0 g and that of lean mice, 25.2 ± 0.3 g. (C) Expression of the same genes sets in
the adipose tissue from a high-fat diet-induced obese mice (ﬁlled bars, n = 4) and control lean mice (open bars, n = 4). The average body weight of the
obese mice was 47.7 ± 1.5 g and that of lean mice, 24.2 ± 1.7 g. P < 0:05 and P < 0:001 vs. the respective lean mice. For some points, error bars
are too small to be shown in the ﬁgure.
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diet-induced obese mice; only the Peg1/Mest mRNA level
was markedly increased (Fig. 1C). Expression of Peg5/Nnat
and Igf2 was decreased in the adipose tissue from ob/ob and
db/db mice, respectively (Fig. 1A and B). Igf2r expression
was increased in the adipose tissue from diet-induced obese
mice (Fig. 1C). The changes were not observed consistently,
among three mouse models of obesity (Fig. 1A–C). Taken to-
gether, these observations indicate that increased expression in
obese adipose tissue is not a general feature of imprinted genes.
4.2. Multiple variants of Peg1/Mest mRNA with distinct ﬁrst
exons
A homology search of the EST database [23] predicted mul-
tiple variants of Peg1/Mest mRNA. In the Genbank DNA
database, a variant of Peg1/Mest with a distinct exon 1 (named
isoform 2 of Peg1/Mest, accession number of AF482999) has
been deposited (Fig. 2B). Two other putative isoforms were
found. The exon 2 sequence of the newly identiﬁed isoforms
perfectly matched the previously reported one but its 5 0
upstream sequences (possible alternative ﬁrst exons) were dif-
ferent from the authentic ‘exon 1’ sequence (corresponding
to exon 1c of the human gene, see Fig. 2B). The putative
deduced amino acid sequence alignment is shown in Fig. 2A.
The approximate positions of the exons on genomic DNA se-
quence are shown in Fig. 2B. Our ﬁndings suggest that at least
four exon 1 s are linked to a single exon 2, thereby generating
multiple isoforms of Peg1/Mest.
4.3. Expression of the distinct ﬁrst exons in obese adipose tissue
To determine which of these exons is used in obese adipose
tissue, we examined Peg1/Mest expression in lean and obese
adipose tissue by quantitative real-time PCR analysis using a
set of primers corresponding to four putative exon 1 s andcommon exon 2 (Fig. 2C). We observed a marked increase
in exon 2 expression in obese adipose tissue. Expression of
the previously reported ‘exon 1’ was also markedly induced
by obesity, comparably to expression of exon 2. However,
other ﬁrst exons including ‘isoform 2’ were less expressed in
control or obese adipose tissue. Thus, the ﬁrst exon of Peg1/
Mest induced during obese adipose tissue in mice was the
authentic ‘exon 1’, which is also used during development.
As we detected signals of the putative ﬁrst exons by real-time
PCR analysis in samples of embryo (12.5 days post coitum,
see Supplement 1), the EST sequences appear to be transcribed
as mRNAs. These observations suggest that there are multiple
ﬁrst exons (and possibly multiple promoters) in Peg1/Mest.
4.4. Transcriptional rate of Peg1/Mest in obese adipose tissue
To elucidate the possible mechanism causing the increase in
Peg1/Mest mRNA levels in obese adipose tissue, we performed
nuclear run-on assay and measured in vitro the transcription
of Peg1/Mest. Fig. 3 shows that the transcription rate of
Peg1/Mest is markedly increased in the adipose tissue from
ob/ob obese mice compared to that from lean mice. In this
study, the transcription rate of aP2 was not altered (Fig. 3);
aP2 mRNA level was not changed by obesity (not shown).
Hybridization to the negative control (vector alone) showed
no signals. Thus, Peg1/Mest mRNA levels are regulated at
least in part by the increased transcriptional rate of the gene.
4.5. Expression of Peg1/Mest in cultured adipocytes
We demonstrated that Peg1/Mest is expressed in the adipo-
cyte fraction and not in the non-adipocyte stromal vascular
fraction of obese adipose tissue [18]. Cultured adipocytes are
useful for investigating the mechanism for increased expression
of Peg1/Mest. We examined Peg1/Mest expression in 3T3-L1
adipocytes during the course of adipocyte diﬀerentiation.
Peg1/Mest -----------------------------MVRRDRLRRMREWWVQVGLLAVPLLAAYLHI
isoform2 --------------------------------------MREWWVQVGLLAVPLLAAYLHI
CA561936 MAPQLITIKILLRLAFTFTDGMWQVFRGEPIDLDQSQRMREWWVQVGLLAVPLLAAYLHI
BY135217 -------------------MRTLHAFMHGHWLSQPSHRMREWWVQVGLLAVPLLAAYLHI
**********************
Peg1/Mest PPPQLSPALHSWKTSGKFFTYKGLRIFY
isoform2 PPPQLSPALHSWKTSGKFFTYKGLRIFY
CA561936 PPPQLSPALHSWKTSGKFFTYKGLRIFY
BY135217 PPPQLSPALHSWKTSGKFFTYKGLRIFY
****************************
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Fig. 2. Multiple variants of Peg1/Mest mRNA with distinct ﬁrst exons. (A) Sequence alignment of putative deduced amino acids of Peg1/Mest
mRNA variants. Asterisks represent identical amino acid residues, corresponding to common exon 2. The Genbank accession numbers of the ESTs
(BY135217 and CA561936) are shown beside the amino acid sequences. Isoform 2 is derived from Genbank AF482999. (B) Schematic structure of
the 5 0 region of the Peg1/Mest. Boxes indicate exons. Four distinct putative ﬁrst exons of Peg1/Mest could be spliced to the common exon 2. The
putative coding regions and untranslated regions are shown in grey and white, respectively. The exon structure was deduced from comparison of
mouse cDNA and EST sequences with genomic sequences (accession no. AC146699). BY135217 was obtained from 17.5-day embryo (whole body)
and CA561936 from unfertilized egg. For comparison, the schematic structure of 5 0 region of human PEG/MEST is shown. Exon 1c is paternally
expressed abundantly in embryo, and exon 1a is biallelically expressed in adult cancer tissues [8]. (C) Quantitative real-time PCR analysis of Peg1/
Mest ﬁrst exon mRNA variants and exon 2 in adipose tissue of obese and control lean mice. The value of Peg1/Mest (exon 2) in lean mice was set as
100.
94 Y. Kamei et al. / FEBS Letters 581 (2007) 91–96However, Peg1/Mest expression was not increased in 3T3-L1
adipocytes during the course of adipocyte hypertrophy (Sup-
plement 2A, left). There is considerable evidence that demon-
strates increased inﬁltration of macrophages in obese adipose
tissue, which is involved in the regulation of adipose tissue
gene expression [24]. To elucidate whether Peg1/Mest expres-
sion is induced in adipocytes stimulated by macrophages, we
examined Peg1/Mest mRNA expression in the adipocytes co-
cultured with macrophages [20]. Although expression ofMCP-1, an adipocyte-derived proinﬂammatory cytokine (Sup-
plement 2B, right), and tumor necrosis factor-a, a macro-
phage-derived proinﬂammatory cytokine (not shown), was
up-regulated by the co-culture, Peg1/Mest mRNA expression
was not increased (Supplement 2B, left). This may be either
because Peg1/Mest is not related to inﬂammatory changes in-
duced by the interaction between adipocytes and macrophages
or because cultured 3T3-L1 adipocytes were not large enough
to increase the expression of Peg1/Mest. Otherwise, in vivo
Vector
Peg1/Mest
aP2
Lean Obese
Fig. 3. Transcriptional rate of Peg1/Mest in obese adipose tissue.
Nuclear run-on analysis of adipose tissue from ob/ob mice and control
lean mice was performed. Nuclei were prepared from pooled adipose
tissue of four ob/ob mice or six lean mice. The average body weight of
the ob/ob mice was 59.6 ± 3.0 g and that of lean mice, 24.0 ± 3.0 g.
Nuclei were incubated in the presence of 32P UTP and the radiolabeled
mRNAs were hybridized to slot blots prepared with linealized
plasmids for Peg1/Mest, aP2 and empty vector.
Y. Kamei et al. / FEBS Letters 581 (2007) 91–96 95speciﬁc regulation such as gene imprinting is required for Peg1/
Mest expression.
4.6. Paternal expression of Peg1/Mest in obese adipose tissue
We also examined whether Peg1/Mest expressed in obese
adipose tissue is derived from the paternal allele or maternal
allele. Allelic expression was examined by DNA polymorphism
analysis between C57BL6 (Mus musculus musculus) and JF1
(Mus musculus molossinus). JF1 mice have a single nucleotide
polymorphism in the Peg1/Mest coding sequence compared
to C57BL6 mice. Male C57BL6 and female JF1 were mated
and the oﬀspring (male) were fed a high-fat diet for 16 weeks,
which caused obesity. The average body weight was 24.1 ±
1.3 g (n = 2). The Peg1/Mest mRNA level in the adipose tissue
was 8-fold higher than that of non-obese male JF1 mice (body
weight 17.0 ± 0.5 g, n = 2) (not shown). Using total RNA from
the adipose tissue, we ampliﬁed Peg1/Mest cDNAs by reverse
transcription PCR for direct sequencing. Representative se-
quence signals are shown in Fig. 4A and B. Peg1/Mest cDNAsFig. 4. Paternal expression of Peg1/Mest in obese adipose tissue. Male
C57BL6 and female JF1 or female C57BL6 and JF1 mice were mated
and their oﬀspring were used for this experiment. Sequence analysis of
RT-PCR products from the adipose tissue of male mice is shown.
Arrows indicate the position of a single nucleotide polymorphism of
the Peg1/Mest between C57BL6 (nucleotide G) and JF1 (nucleotide
A). In obese adipose tissue of the oﬀspring, paternal expression of
Peg1/Mest was observed.from the adipose tissue of female oﬀspring showed only pater-
nal allele-derived signals (not shown). We also mated male JF1
and female C57BL6 and found that both male (Fig. 4D) and
female (not shown) oﬀspring showed only paternal allele-de-
rived signals. These observations indicate that only the pater-
nal allele of Peg1/Mest is expressed in the adipose tissue of
obese mice, suggesting that the imprinting status remains sta-
ble in obese adipose tissue. These ﬁndings imply that PEG1/
MEST expression in adult cancer tissues [6,7] and in obese adi-
pose tissue are regulated via diﬀerent mechanisms.
Because of the pathophysiological relevance in obesity (see
Section 1), elucidation of the mechanism in regulation of
Peg1/Mest is potentially important. From the data herein,
we postulate that Peg1/Mest is monoallelically expressed and
increased by its increased transcription rate, in an isoform-
and possibly promoter-speciﬁc manner, in obese adipose tis-
sue. Characterization of the putative multiple promoters of
Peg1/Mest, including identiﬁcation of possible transcription
factor(s) involved, will be worthy of further study. Also, eluci-
dation of the mechanism responsible for the suppressed expres-
sion of Peg1/Mest in cultured adipocytes may shed light on the
in vivo speciﬁc regulation of the imprinted gene during the
course of obesity. Moreover, further studies are needed to elu-
cidate the regulatory mechanism for Peg1/Mest expression in
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